Aim: Catecholamine-induced vascular smooth muscle cell (VSMC) proliferation is one of the major events in the pathogenesis of atherosclerosis and vascular remodeling. The calcineurin-NFAT pathway plays a role in regulating growth and differentiation in various cell types. We investigated whether the calcineurin-NFAT pathway was involved in the regulation of phenylephrine-induced VSMC proliferation. Methods: Proliferation of VSMC was measured using an MTT assay and cell counts. Localization of NFATc1 was detected by immunofluorescence staining. NFATc1-DNA binding was determined by EMSA and luciferase activity analyses. NFATc1 and calcineurin levels were assayed by immunoprecipitation. Results: Phenylephrine (PE, an α 1 -adrenoceptor agonist) increased VSMC proliferation and cell number. Prazosin (an α 1 -adrenoceptor antagonist), cyclosporin A (CsA, an inhibitor of calcineurin) and chelerythrine (an inhibitor of PKC) decreased PE-induced proliferation and cell number. Additional treatment of VSMC with CsA or chelerythrine further inhibited proliferation and cell number in the chelerythrine-pretreatment group and the CsA-pretreatment group. CsA and chelerythrine alone had no effect on either absorbance or cell number. CsA decreased PE-induced calcineurin levels and activity. NFATc1 was translocated from the cytoplasm to the nucleus upon treatment with PE. This translocation was reversed by CsA. CsA decreased the PE-induced NFATc1 level in the nucleus. PE increased NFAT's DNA binding activity and NFAT-dependent reporter gene expression. CsA blocked these effects. Conclusion: CsA partially suppresses PE-induced VSMC proliferation by inhibiting calcineurin activity and NFATc1 nuclear translocation. The calcineurin-NFATc1 pathway is involved in the hyperplastic growth of VSMC induced by phenylephrine.
Introduction
Vascular smooth muscle cells (VSMCs) are able to proliferate and display different phenotypes in response to altered environmental stimuli [1] . Abnormal proliferation of VSMCs is a key event in the early stages of the arterial wall thickening that occurs during the pathogenesis of atherosclerosis, vascular remodeling and restenosis. During the processes of arteriosclerosis development, vascular injury and vessel response to stress, a number of molecules with a broad spectrum of biological activities are produced, including catecholamines. These bioactive molecules provide a permissive milieu for VSMCs to undergo proliferation. These proliferated VSMCs have lost their ability to contract, having reverted to an embryonic phenotype, and secrete a large amount of extracellular matrix (ECM). Migration of VSMCs from the medium to the intima and proliferation within the intima contribute to the progression of vessel lesions [2] [3] [4] . Thus, investigating the molecular mechanisms involved in the proliferation of VSMCs is important for understanding vascular disease and may lead to therapeutic developments.
Catecholamine regulation of VSMCs growth may provide a physiological means by which vessel wall mass can be coupled with the level of sympathetic stimulation and contractile requirements. It may also link pathological vessel wall growth processes to enhanced sympathetic activity. In cultured VSMCs, catecholamines modulate DNA synthesis through specific adrenergic receptors [5] . Accumulating evidence suggests that the calcineurin-nuclear factor of activated T cells (NFAT) signaling pathway plays a role in regulating growth and differentiation in several cell types and thereby contributes to skeletal muscle differentiation [6] , cardiac hypertrophy [7] and blood vessel development [8] . Inhibition of NFAT is responsible for cardiac hypertrophy after α1-adrenoceptor stimulation [9] . Calcineurin-NFAT is implicated in VSMCs proliferation and migration induced by platelet-derived growth factor-BB (PDGF-BB) and thrombin [10, 11] . However, whether the calcineurin-NFAT pathway is involved in the regulation of catecholamineinduced VSMCs proliferation is unclear.
Materials and methods
Reagents Phenylephrine (PE, P-6126), prazosin (P-7791), timolol (T-6394), cyclosporin A (CsA, C-3662), chelerythrine (C-2932) and [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) were purchased from Sigma-Aldrich Corp (St Louis, MO, USA). [γ-
32 P] ATP (3000 Ci/mmol) was obtained from Beijing Fu Rui Biotechnology Company (Beijing, China). Consensus double-stranded NFATc1 binding oligonucleotide, 5′-C GCCCAAAGAGGAAAATTTGTTTCATA-3′, 3′-GCGG GTTTCTCCTTTTAAACAAAGTAT-5′, was synthesized by Invitrogen Corporation. T4 polynucleotide kinase was procured from Promega (Madison, WI). The biotinylated protein ladder detection pack was from Cell Signaling Technology, Inc (Beverly, MA, USA). The calcineurin assay kit was manufactured by the Nanjing Jiancheng Bioengineering Institute (NJBI; Nanjing, China). FuGENE 6 transfection reagent was obtained from Roche Applied Science. Dulbecco's modified Eagle's medium (DMEM) and fetal bovine serum (FBS) were obtained from Gibco Life Technologies (Grand Island, NY, USA). The primary antibodies used in Western blotting, mouse anti-NFATc1 monoclonal antibody (sc-7294), rabbit anti-β actin polyclonal antibody (sc-1616) and goat anti-calcineurin Aα affinity-purified polyclonal antibody (sc-6123) were all purchased from Santa Cruz Biotechnology, Inc (Santa Cruz, CA).
Cell culture Primary VSMCs were isolated from the medium of thoracic aortas of 100-to 150-g male SpragueDawley rats. The purity of the VSMCs was verified by immunostaining with a monoclonal antibody against smooth muscle-specific α-actin at passage 3. Cells of 95% purity were used. Cells of passage 3-4 were growth arrested by incubation in DMEM containing 0.1% fetal bovine serum for 72 h, synchronized at the G 0 phase and then used to perform the experiments.
Cell proliferation assay After VSMCs were incubated at 37 °C for 48 h, stock [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) solution was added and incubated with the cells for 4 h. The medium was then completely removed without disturbing the formazan crystals that had formed within the cells. After Me 2 SO (Merck, Darmstadt, Germany) was added to the wells, the plate was shaken for a short time, and optical density was measured at 570 nm. In parallel experiments, growth-arrested VSMCs were treated with the various combinations of chemicals described below for 48 h. Cell numbers were determined by the Trypan Blue dye exclusion assay using a hemocytometer.
Calcineurin enzymatic activity The activity of calcineurin was determined using a calcineurin activity assay kit following the manufacturer's protocol. The RII phosphopeptide (BioMol) was used as a highly specific substrate for calcineurin. The detection of free inorganic phosphate released from RII by calcineurin was based on the malachite green dye reaction. Reactions were terminated after 30 min, and absorption was read on an ultraviolet spectroscope at 660 nm. The activity was corrected for protein concentration. Calcineurin activity was expressed as a percentage compared with the control group.
Immunofluorescence staining VSMCs were fixed in 4.0% formaldehyde for 15 min at room temperature and washed in PBS three times for 5 min. Immunocytochemical staining for NFATc1 was performed using indirect immunofluorescence. Cells were incubated with the anti-NFATc1 monoclonal antibody at a dilution of 1:100. Signals of NFATc1 were detected using the anti-mouse FITC-conjugated secondary antibody (ICN Biomedicals) at a dilution of 1:100 for 45 min. After being washed in PBS three times for 5 min each, cells were examined under a fluorescence microscope and photographed.
Nuclear extraction For nuclear extraction, cells were washed with PBS, centrifuged at 250×g for 5 min, and resus- and then centrifuged at 14 000×g for 30 min. The supernatant corresponded to the nuclear extract and was stored at -80 °C. Nucleic protein concentration was determined using a BCA kit.
Electrophoretic mobility shift assay Quiescent VSMCs were treated with or without PE (10 μmol/L) in the presence or absence of CsA (0.5 μg/mL) for 48 h, and nuclear extracts were prepared as described above. Protein-DNA complexes were formed by incubating 10 µg of nuclear protein in a total volume of 20 μL consisting of 20 mmol/L HEPES-KOH (pH 7. Luciferase assay VSMCs were plated evenly on 35 mm dishes and grown in DMEM supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 100 units/mL penicillin and 100 μg/mL streptomycin. At 50%−80% confluence, the medium was replaced with DMEM containing 0.1% fetal bovine serum and cells were transfected with the pT8NFAT-Luc plasmid using the Geneporter transfection reagent according to the manufacturer's instructions (Roche Applied Science). Luciferase was controlled by an interleukin-2 (IL-2) promoter containing three tandem NFAT-activator protein-1 enhancer sequences. Approximately 1 μg of DNA was transfected into 2×10 5 cells in 30 μL RPMI with 6 μL Geneporter and 130 μL unsupplemented RPMI. After 48 h of transfection, VSMCs were treated with or without PE (10 μmol/L) in the presence or absence of CsA (0.5 μg/mL) for 48 h. Cells were then lysed in 0.5% Nonidet P-40 lysis buffer, and luciferase activity was measured using the Luciferase Assay System (Promega) and a Turner Luminometer (TD-20/20).
Western blotting analysis The cells were washed twice with phosphate-buffered saline (PBS) before being lysed in RIPA buffer [1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mmol/L Tris-HCl (pH 7.5), 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L PMSF, 2 mg/L leupeptin] for 30 min. Insoluble debris was removed by centrifugation at 14 000×g at 4 °C for 20 min and the supernatant (cytoplasmic extract) was stored at -80 °C. Protein concentration was determined using a microassay kit from Bio-Rad with bovine serum albumin as the standard. Samples containing an equal amount of protein (40 µg) were mixed with 2×SDS loading buffer and electrophoresed on a 10% SDS-PAGE gel. The proteins on the gel were then transferred onto a nitrocellulose membrane (Hybond, Amersham Biosciences). The membranes were incubated with specific primary antibodies overnight at 4 o C at a 1:200 dilution. The membranes were then washed three times with PBST and incubated for 2 h with HRP-conjugated secondary antibodies. The protein was visualized with chemiluminescence, and a densitometric scanner was used to determine the density of the band. All experiments were repeated at least five times independently.
Statistics The results are expressed as means±SD. All data were analyzed with SPSS 11.5. ANOVA, post-hoc analysis and the Newman-Keuls test were used to compare differences among groups. P-values less than 0.05 were considered statistically significant. Figure  1A ). To confirm these findings, cell number was measured. PE increased VSMCs number by 73.2% compared with the control group (P<0.01). Prazosin, CsA and chelerythrine decreased PE-induced VSMCs numbers by 39.4%, 22.5%, and 21.1%, respectively. Additional treatment with CsA or chelerythrine further decreased VSMCs numbers by 30.4% or 29.1% compared with the chelerythrine-pretreatment or CsA-pretreatment group (all P<0.05, Figure 1B) . Timolol did not alter the increased absorbance or cell number induced by PE. CsA and chelerythrine alone had no significant effect on either absorbance or cell number.
Results

PE stimulated VSMC proliferation via α1 adreno-ceptors
Calcineurin was activated in response to PE Quies-cent VSMCs were treated with or without PE (10 μmol/L) in the presence or absence of CsA (0.5 μg/mL) and chelerythrine (20 µmol/L) for 48 h. PE increased calcineurin levels and activity significantly, whereas CsA decreased calcineurin levels and activity. CsA decreased PE-induced calcineurin levels and activity by 54.2% (Figure 2A ) and 51.6% ( Figure  2B , all P<0.01), respectively. Chelerythrine had no effect on calcineurin level or activity. The relative expression levels of the protein were normalized with β-actin. PE induced NFATc1 translocation into the nucleus When cells were growth-arrested, NFATc1 was scattered inside the cytoplasm and absent from the nucleus ( Figure  3A ). After treatment with PE (10 μmol/L) for 9 h, NFATc1 was found near the nucleus ( Figure 3B) ; after treatment for 24 h, NFATc1 was found almost exclusively within the nucleus ( Figure 3C ). This translocation was reversed by CsA (0.5 μg/mL) ( Figure 3D ), which blocks calcineurin.
PE increased the level of NFATc1 in the nucleus Quiescent VSMCs were treated with or without PE (10 μmol/L) in the presence or absence of CsA (0.5 μg/mL) for 48 h and nuclear extracts were prepared. A total of 20 μg of nucleic protein from each treatment group was analyzed by Western blotting for NFATc1 levels. The NFATc1 level was much higher in the PE-treated VSMCs compared with the control group. CsA decreased PE-induced NFATc1 expression by 45.4% (P<0.01, Figure 4) . PE up-regulates NFAT-DNA binding activity in VSMCs Quiescent VSMCs were treated with or without PE (10 μmol/L) in the presence or absence of CsA (0.5 μg/mL) for 48 h and nuclear extracts were prepared. Nuclear extracts containing 10 μg of protein from the control group and each treatment group were incubated with 100 000 cpm of [γ-
32 P]ATP-labeled NFAT sequence and the protein-DNA complexes were separated by electrophoresis on 6% polyacrylamide gels. Luciferase activity was measured using the Luciferase Assay System (Promega) and a Turner Luminometer (TD-20/20). PE increased NFAT-DNA binding activity compared with the control. CsA significantly blocked the NFAT-DNA binding activity induced by PE ( Figure 5A ). Consistent with the NFAT-DNA binding activity, NFATdependent luciferase activity was also increased by about three-fold in PE-treated VSMCs compared with the control. CsA blocked the PE-induced increase in luciferase activity by 55.7% (P<0.01). CsA alone had no effect on basal luciferase activity ( Figure 5B ).
Discussion
Catecholamines aggravate atherosclerosis in animals and humans and may be involved in cell growth [12] . The G 0 or G 1 phase of the cell cycle may be the point of catecholamine action. Catecholamines stimulate VSMCs proliferation via the activation of α1-adrenoceptors, which trigger phosphoinositide hydrolysis and activate the protein kinase C (PKC)/MAPK pathway, leading to phosphorylation of transcription factors and leads to DNA synthesis and cell proliferation. Fetal calf serum-induced VSMCs proliferation is enhanced by α-adrenergic and inhibited by β-adrenergic stimulation. α1-adrenoceptor blockade reduces rabbit aortic intimal hyperplasia induced by balloon angioplasty [13] . Phenylephrine (PE), a specific α1-adrenoceptor agonist, stimulates Ca 2+ oscillations and cell growth [14, 15] . Infusion of PE induces cardiac hypertrophy and fibrosis in rat hearts [16] . On the other hand, prazosin, a selective α 1 -adrenoceptor antagonist, reduces intimal hyperplasia in rabbit abdominal aortas [17] and reduces VSMCs DNA synthesis in the medium of rat aortas stimulated by angiotensin II [18] . In our study, PE increased VSMCs proliferation (as measured by MTT) and cell counts. Prazosin completely suppressed the increases in absorbance and cell number induced by PE, whereas timolol had no marked effect on VSMCs proliferation. CsA and chelerythrine (a competitive inhibitor of PKC) inhibited this PE-induced VSMCs growth. The inhibitory effect of chelerythrine could be enhanced by CsA. PE increased but CsA decreased calcineurin levels and activity in VSMCs. CsA inhibited PE-induced calcineurin expression and activity. Therefore, we conclude that PE stimulates VSMCs proliferation via α 1 -adrenoceptors. Calcineurin is involved in PE-induced VSMCs proliferation. CsA partially inhibits PEinduced proliferation of VSMCs by regulating calcineurin expression and its activity.
Calcineurin (PP2B) is a calcium/calmodulin-activated, serine-threonine phosphatase and is a downstream target of intracellular Ca 2+ signaling [19] . It is a multifunctional regulator of various downstream signaling pathways [20] . One of the downstream effectors is NFAT. Calcineurin is activated by the binding of calcium and calmodulin and transmits signals to the nucleus through the dephosphorylation and translocation of NFAT. NFAT, which is functionally related to the Rel/NF-kB family of transcriptional activators, is a family of transcription factors composed of five proteins: NFAT1 (NFATp, NFATc2), NFAT2 (NFATc, NFATc1), NFAT3 (NFATc4), NFAT4 (NFATx, NFATc3) and NFAT5 [TonEBP: tonicity element binding protein or OREBP (osmotic response element binding protein)] [21, 22] . NFAT5 differs from the others in its lack of cooperativity with the Fos and Jun proteins and is involved in the regulation of tonicityresponsive genes [23] . All isoforms of NFAT are highly homologous in their N-terminal region, which corresponds to the regulatory element. Their C-terminal region includes the DNA binding domain. Several specific sequences are located in the N-terminal domain, including the calcineurin fixation site, the nuclear localization signal (NLS), the nuclear exportation site (NES) and numerous serine/threonine phosphorylation sites. NFAT has been described as a signal integrator, interlinking Ca 2+ signaling and other signaling pathways and inducing specific genetic programs. The vasoconstrictive effect of PE was associated with CsA-dependent calcineurin activation and nuclear translocation of NFAT in pulmonary artery smooth muscle [24] . The calcineurin-NFAT signaling pathway plays a role in regulating growth, differentiation and cell cycle progression in various cell types [25, 26] . In cultured VSMCs, NFAT activation increased migration and proliferation [27] . Blockade of NFAT signaling reduces neointima formation in a rat carotid artery injury model [28, 29] . NFAT may also play a role in smooth muscle differentiation via regulation of smooth muscle-specific markers, such as smooth muscle-myosin heavy chain (SM-MHC) and α-actin [30, 31] . The immunosuppressant CsA can bind to calcineurin as a stable complex with cyclophilin and inhibit calcineurin's ability to dephosphorylate NFAT. CsA blunts platelet-derived growth factor-BB (PDGF-BB) and thrombin-induced VSMCs proliferation [32] . NFAT activation is regulated primarily through control of its subcellular localization [33] . In unstimulated cells, NFAT is a hyperphosphorylated cytosolic protein. Activated calcineurin dephosphorylates multiple serine residues within the regulatory region of NFAT, inducing a conformational change in NFAT that exposes the NLS and allows the importation of NFAT into the nucleus [34] . Calcineurin also plays a role in promoting the nuclear retention of NFAT by masking nuclear export signals recognized by the exporting protein, Crm-1, and by maintaining NFAT in a dephosphorylated state. In smooth muscle cells, NFATc1 is the most expressed isoform [35] , and although there is a small amount of NFATc3, NFATc2 and NFATc4 are not detectable by Western blot. NFATc1 but not NFATc2 or NFATc3 is translocated from the cytoplasm to the nucleus upon treatment of VSMCs with PDGF-BB or thrombin [10] . To test the role of NFATc1 in PEinduced proliferation, we looked for and detected subcellular localization of NFATc1 by indirect immunofluorescence staining. As shown in Figure 3 , NFATc1 was widely scattered in the cytoplasm in quiescent cells, but after treatment with PE for 9 h it was found close to and around the nucleus. After 24 h NFATc1 was found almost exclusively within the nucleus. This translocation was reversed by CsA. The calcineurin inhibitor prevented NFATc1 nuclear translocation. Consistent with this effect, NFATc1 levels were also higher in the nuclear fractions of VSMCs treated with PE than in the control group. CsA decreased the enhanced protein level of NFATc1 previously induced by PE in the nucleus (Figure 4 ). These findings suggest that NFATc1 is translocated from the cytoplasm to the nucleus in response to PE. A calcineurin inhibitor prevents this PE-induced NFATc1 nuclear translocation.
In the nucleus, activated NFAT binds to a consensus DNA sequence (GGAAAAT) in the promoter regions of genes via its Rel homology region (RHR) as a monomer or dimer and then activates transcription. To test the role of calcineurin-NFATc1 signaling in regulating PE-induced proliferation of VSMCs, we measured its activity in response to PE. As shown in Figure 5A , PE increased the NFAT DNA binding activity compared with the control. CsA significantly attenuated PE-induced NFAT DNA binding activity. To determine whether the increased NFAT DNA binding activity led to corresponding increases in NFATdependent transcription, VSMCs were transfected with a plasmid (pT8NFAT-Luc) in which the expression of a luciferase gene is controlled by three tandem NFAT-activator protein-1 enhancer sequences present in the IL-2 promoter. Consistent with the increased NFAT DNA binding activity, luciferase activity was also increased by about 3-fold in PEtreated VSMCs compared with the control group. CsA completely blocked this PE-induced increase in luciferase activity ( Figure 5B ). CsA alone had no effect on basal luciferase activity. One mechanism for the up-regulated activity of NFATc1-DNA binding may be an increase in the quantity of NFATc1 itself in the nucleus.
In conclusion, our study demonstrates that calcineurin activation is required for the hyperplastic growth of VSMCs induced by PE. CsA partially suppresses PE-induced VSMCs proliferation by inhibiting calcineurin activity and NFATc1 nuclear translocation. The calcineurin-NFATc1 pathway is therefore involved in the phenylephrine-induced proliferation of VSMCs.
